Asymmetric structures of the bent inlet pipes and outlet volute are typically adopted in centrifugal compressors. By using asymmetric inlet/outlet structures, the uniformity of the compressor's internal flow field in the circumferential direction will be changed. The static pressure distribution behavior around the casing wall is significantly influenced by the coupling effect of the bent inlet pipe and outlet volute. In the present work, three compressors were numerically and experimentally investigated. One compressor had a straight inlet pipe, and the other two had bent inlet pipes. Seventy-two static pressure sensors were mounted around the casing wall to obtain the static pressure distribution at different flow rates for three rotational speeds. The results show that at high rotational speeds with large flow rate conditions, when the static pressure waves induced by the bent pipe and volute act on the same circumferential position, the casing wall static pressure will be increased at the corresponding position. Furthermore, this high static pressure will further influence the static pressure values at other circumferential positions and leads to a more nonuniform circumferential static pressure distribution. Near the design flow rate, when the high static pressure strips, which are induced by both the bent pipe and volute impact different circumferential positions, the high static pressure strip induced by the volute will be weakened. As a result, the high static pressure strip induced by the volute cannot propagate upstream into the impeller. At small flow rate under designed rotational speed, the influence of the volute tongue on the casing pressure distribution will be enhanced. At small flow rate under low rotational speed, the casing pressure distributions of the three models were almost the same because the secondary flow effect of the bent pipe diminishes as the flow rate reduces.
Introduction
Centrifugal compressors typically have an asymmetric structure, such as asymmetric volute at the compressor outlet. Limited by the installation space, some centrifugal compressors require the installation of a bent pipe and strut at the impeller inlet. These asymmetric structures will cause a circumferential nonuniform flow field, which will influence the stable operation range and performance of the compressor. [1] [2] [3] [4] Due to the reverse propagation characteristic of the pressure wave when subject to subsonic conditions, the volute circumferential static pressure distribution will affect the upstream flow fields of the diffuser and impeller, and this leads to asymmetric flow field structures in the diffuser and impeller. To date, many studies have been carried out on the asymmetric flow field of centrifugal compressors. Yang et al. 5, 6 measured the circumferential static pressure distribution in a centrifugal compressor. The measurement probes were mounted at four streamwise positions including at the main blade leading edge (LE), the splitter blade LE, and the inlet and outlet of the vaneless diffuser. The results showed that the static pressure distributions were circumferential and nonuniform at all streamwise positions. Tamaki et al. 7 investigated the circumferential distribution of the static pressure in centrifugal compressors with vaned and vaneless diffusers. In the impeller, two streamwise positions were selected to mount the static pressure probes; one probe was located at the rear slot centre line of the recirculation device, and the other probe was positioned between the main blade LE and the rear slot centre line. In the diffuser, two probe rows were mounted at 1.14R 2 and 1.64R 2 (R 2 is the impeller outlet radius) streamwise positions. Forty-four probes were installed in the circumferential direction of the four positions. The results also indicated that the static pressure distribution is nonuniform in the circumferential direction of the centrifugal compressor. Japikse and Krivitzky 8 analyzed the static pressure data that were measured at the inlet and outlet positions of the five different vaned/vaneless diffusers in centrifugal compressors, and their results revealed that a significantly nonuniform static pressure distribution exist in the circumferential direction of the inlet and outlet positions of the centrifugal compressor diffuser. Some other studies [9] [10] [11] experimentally and numerically investigated the static pressure distribution in the diffuser and in the volute of centrifugal compressors. The results showed that at small flow rates, the static pressure increases along the airflow rotation direction in the volute, and the volute plays the role of a diffuser; however, at large flow rates, the static pressure decreases along the airflow rotation direction, and the volute plays the role of a nozzle.
The asymmetric compressor structures will affect the initial stall and surge processes as well as the circumferential formation positions of stall inception. In application, due to the rotor's asymmetric structure, such as an eccentric rotor, the rotor may rub against the casing wall at a certain circumferential position. Young et al. 12 used the irregularity level to measure the compressor operation stability and found that in an eccentric compressor, as the flow rate reduces the irregularity level of the flow obviously increases in the circumferential range with the large tip clearance. Furthermore, the irregularity level remains lower in the circumferential range with the small tip clearance. This phenomenon indicates that stall inception will first occur at the circumferential position that has a large tip clearance. Weichert et al. 13 investigated stall inception using the same compressor as in Young et al. 12 by means of hundreds of experiments. The results confirmed that 90% of all stall inceptions occurred at the circumferential position with the largest tip clearance. Reuss et al. 14 experimentally investigated the total pressure inlet distortion effects on the unsteady behavior of a high-pressure axial compressor. The results showed slight differences at the beginning of the stall in all configurations with distortion; however, the type of distortion had an influence on the fully developed stall. In a centrifugal compressor, a volute with an asymmetric structure will seriously influences the airflow stability, which, thus, restricts the stable operation range. To mitigate the influence of asymmetric structures on compressor performance, some researchers have proposed that an asymmetric recirculation device should be adopted to enhance the stable operation range in centrifugal compressors. 15, 16 To satisfy the design and application requirements, some studies were carried out to improve the performance of a centrifugal compressor with bent inlet pipe. Kim and Engeda 4 experimentally and numerically investigated the performance of a centrifugal compressor with different types of straight and bent pipes at the impeller inlet. The results showed that the 90 bent pipe caused inlet distortion and seriously deteriorated the compressor performance. When installing guide vanes inside the bent pipe, the secondary flow effect within the bent pipe was mitigated, which improved the performance of impeller and diffuser. Furthermore, Engeda et al. 17 also investigated a centrifugal compressor with a guide vane bent pipe using fully annular simulation methods. The results showed that the compressor efficiency increased by approximately 3% with the guide vane installed in the bent pipe, and the results also showed that the compressor inlet distortion led to the distortion of the compressor internal flow field, as well as the blade forced response. Kammerer et al. 18 experimentally studied the blade forced response of a centrifugal compressor with inlet distortion by analyzing the unsteady pressure fluctuation on the blade surface. The static pressure was measured by the pressure transducer on the blade surface subject to resonant and nonresonant conditions. Dickmann et al. 19, 20 investigated the blade vibration of a centrifugal compressor with inlet distortion, and the results showed that the vibration magnitude varied with the flow rate. In addition, the volute was simulated using a nonuniform circumferential static pressure distribution at the diffuser outlet, and the results revealed that both the volute and asymmetric inlet bent pipe structures can seriously influence the blade vibration. Zhao et al. 21 claimed that when asymmetric structures exist in the inlet and outlet of the compressor, a phenomenon that similar to ''clock effect'' can be observed between the asymmetric inlet and outlet structures.
The aim of this study was to investigate the casing wall static pressure distribution characteristics subjected to the coupled effect of a 180 bent inlet pipe and an outlet volute. Seventy-two static pressure sensors were installed around the casing wall to obtain the detailed casing pressure distribution. The positions of the high static pressure strips induced by the volute and the bent pipe were captured from the acquired data. The difference in the casing pressure distributions for compressors with different inlet/outlet structure combinations was analyzed in detail.
Study object
A compressor that was installed on an existing turbocharger was studied as the baseline model. The designed rotational speed of the compressor was 80 k r/min, and the main parameters are shown in Table 1 . Figure 1 shows three compressor models; one model had a straight inlet pipe, and the other two models had a 180 inlet bent pipe (BP). The 0 circumferential position, the volute tongue (VT) position, and the circumferential coordinate system are indicated in Figure 1 . The angle between the plane of the axis of the bent pipe and 0 is defined as the installation angle. The model with a 120 installation angle is called model M1; the model with a 300 installation angle is called model M2. The installation angle difference between the two bent pipe models is 180
, and the straight inlet pipe model is called model M0 in this paper. From Figure 1 , it can also be seen that one half of the casing wall of bent pipe has small bend radius, which is the inner wall of bent pipe, and this is referred to as ''Cv''. The other half of bent pipe casing wall has a large bend radius, which is the outer wall, and is referred to as ''Cc''. Therefore, in model M1, 120
is the center point of the inner wall and 300
is the center point of the outer wall. However, the bent pipe in model M2 is opposite of model M1. Due to the secondary flow, the outlet flow field of the bent pipe was nonuniform leading to low total and static pressure regions at the inner wall and high total and static pressure regions at the outer wall, as shown in Figure 2 . In this figure, the dimensionless total and static pressure are used. For model M1, the semicircle region with a centre point of 120
is the low total pressure region, and the lowest total pressure point is located at 120
. The semi-circle region with a centre point of 300
is the high total pressure region. The outlet flow field of the bent pipe in model M2 is contrary to model M1. Figure 2 only presents the distortion pattern of bent pipe outlet at the designed flow rate. Additionally, the distortion patterns of the bent pipe outlet at the large and small flow rates (are not presented here) are the same as at the design flow rate. It should be noted that the data in Figure 2 are from the steady numerical simulation from three compressor models. The steady simulation can obtain the outlet flow field of the bent pipe accurately but cannot accurately capture the asymmetric flow field in the impeller due to the interaction of the inlet/ outlet asymmetric structures and the high rotational speed. Therefore, in a subsequent section in this paper, the experimental data are used to analyse the casing wall static pressure distribution characteristics in each of the three models.
For the three models, the original circumferential positions of the high static pressure regions at diffuser outlet that were induced by the volute tongue are the same, but the circumferential positions of the high static pressure regions at the impeller inlet that were caused by two bent pipe models are different. Figure 3 shows the schematic of the volute tongue and inlet bent pipes influences on the distribution of the casing wall static pressure. The abscissa represents the circumferential direction from 0 to 360 , and In this centrifugal compressor, the volute tongue was located at a 55 circumferential position. According to studies of the internal flow field in a centrifugal compressor, 5-7 the high static pressure region at the diffuser outlet will occur near the volute tongue and lead to pressure wave reverse propagation to the upstream flow field; therefore, this high static pressure region induced by the volute tongue will influence the casing pressure distribution. From Figure 3 , the pressure waves of the high static pressure regions induced by the volute and bent pipes propagate in the streamwise direction at an incline angle, and this incline angle is relative to the rotational speed and flow rate of the compressor. Therefore, the arrow directions in Figure 3 are schematic directions of the pressure wave propagation but do not represent the actual pressure wave propagation direction.
Experimental method and compressor performance
Seventy-two steady static pressure sensors were mounted around the compressor casing wall. Figure 4 (a) describes the circumferential angle coordinate and the volute tongue location. Six sensor rows were mounted around the annulus.
The circumferential angle of the second sensor row was 90
, and the circumferential spacing of the sensor rows was 60
. Each sensor row was uniformly circumferential distributed. The schematic of the circumferential distribution of the sensor rows is shown in Figure 4 (b), and the circumferential sensors are represented by C1-C6. Figure 4 (c) shows a schematic of streamwise distribution of the static sensors. Twelve static pressure sensors in the streamwise direction are represented by P1-P12. P1 was located upstream of the impeller; P2, P3, and P4 were located on the main blade leading edge (LE), on the centre point between main blade LE and the splitter blade LE and on the splitter blade LE, respectively. P5-P8 were located at positions between the splitter blade LE and the blade trailing edge (TE). P9 was located at the blade TE, and P10-P12 were located inside the diffuser. Figure 5 shows the volute with the measuring points. The straight and bent inlet pipe compressors on the experimental bench are shown in Figures 6 and 7, respectively. More detail describing the experimental method can be found in Yang et al. 22 Both the performance and static pressure measuring experiments were carried out at three rotational speeds: 60 k r/min, 70 k r/min, and 80 k r/min, respectively. The schematic layout of the test rig is shown in Figure 8 . The compressor performance was evaluated by measuring the total pressure and temperature at the compressor inlet and outlet. The temperature measuring meters, referred to as Pt100, had a measuring range from 0 to 50 C and 0 to 250 C and were installed in the inlet and outlet of the compressor, respectively, and the total temperature was acquired from four total temperature sensors equally distributed in the circumferential direction. Furthermore, the total pressure was obtained using an inlet sensor with a measuring range of -15 to 0 kPa and an outlet sensor with a range of 0 to 300 kPa. The rotational speed and flow rate were measured using an electromagnetic sensor and a lemniscate flowmeter, respectively. The uncertainties of the flow rate, pressure ratio and efficiency were held to less than 0.5% over the whole compressor operating range. The static pressure data around the casing wall were obtained using steady-state pressure sensors with different measuring ranges from -100 to 200 kPa. The static pressure data were recorded six times in 15 s at each operating condition, and the average static pressure value of these six recordings was used in this paper. The uncertainties of these static pressure sensors were held to less than 0.2%. High-frequency Kulite pressure probes at the impeller inlet and volute outlet were used to judge whether the compressor was operating in a surge condition.
The performance results of three compressor models are shown in Figure 9 . Figure 9 (a) shows the pressure ratio characteristics of the compressor. Six operational points are indicated by OP1-OP6 from large to small flow rate. It can be seen that the differences in the pressure ratio among the three models increase as the rotational speed increases due to the enhancement of the secondary flow. Comparing the three models at the same rotational speed, the pressure ratio of model M1 is the smallest, and the pressure ratio of model M2 model is the largest indicating that model M1 deteriorates the pressure ratio characteristics and that model M2 improves the pressure ratio characteristics slightly. Figure 9 (b) shows the curves of compressor efficiency characteristics. It can be seen that the efficiencies of both bent pipe models are reduced for all rotational speed lines due to the inlet distortion induced by the inlet bent pipe. The efficiency characteristics of model M2 are greater than the efficiency characteristics of model M1. In a subsequent section, the influence of the inlet bent pipes on the casing wall static pressure distribution will be discussed in detail.
Results and analysis
Casing wall static pressure distribution at a large flow rate
To better compare the circumferential static pressure distribution at different streamwise locations, dimensionless static pressure data were used. Each circumferential static pressure data point was divided by the average value of six circumferential static pressure data at the same streamwise location. The value of the dimensionless static pressure data was close to 1, which can clearly be used to compare the circumferential fluctuation amplitudes of the static pressure at different streamwise locations. Figure 10 depicts the dimensionless casing wall static pressure distribution contour at 80 k r/min and at OP1 (large flow rate) for all three models. In Figure 10 , the abscissa represents the circumferential angle, and the ordinate represents the relative streamwise position. The ordinate ''0'' and ''1'' correspond to the main blade LE and blade TE, respectively. From Figure 9 , the inclined high static pressure strips are demonstrated to exist in all three models.
For model M0, the flow field at the impeller inlet is axisymmetric; thus, the high static pressure strip on the casing wall is only caused by the asymmetric outlet volute structure. At a large flow rate, the static pressure inside the volute is reduced in the impeller rotation direction (direction of the increase in the circumferential angle) from the volute tongue. For the compressor studied in this paper, the volute tongue located at a 55 circumferential position is marked in Figure 10 . Therefore, a low static pressure region exists along the left side of the upper boundary in Figure 10 (a), and the static pressure increases when close to the volute tongue and achieves a maximum value at an approximately 100 circumferential position. Then, the static pressure decreases with an increase in the circumferential angle. The analysis above indicates that the high static pressure strip in Figure 10 (a) is caused by the reverse propagation of the VT-induced high-pressure region (as indicated by the white arrow in Figure 10 ). From Figure 10 (b) and (c), the inclined high-pressure strips induced by the VT still exist in models M1 and M2. Comparing the widths of the high static pressure strips from the three models, the strip width in model M1 is the greatest; model M0 is smaller, and model M2 is the smallest. Comparing the nonuniformities of circumferential static pressure distribution from the three models, the circumferential distribution of model M1 is the most nonuniform, which deteriorates the compressor performance significantly. There is no obvious difference in the nonuniformity between model M0 and model M2 resulting in basically the same pressure ratios for these two models. Additionally, the extending direction of the high static pressure strip in model M1 is more inclined compared to the other two models. Although the high static pressure strips of the three models are located at approximately the same circumferential position on the upper boundary, their circumferential locations are different at the lower boundary, as seen in Figure 10 , because the extending directions of the high-pressure strips are different. The static pressure peaks at the lower boundary of models M0, M1, and M2 located at the circumferential positions of approximately 240 , 270 , and 210 , respectively. From the above analysis, the casing wall static pressure distribution will change significantly after the installation of the bent pipe for a large flow rate. The casing pressure distribution also varies with the different bent pipe installation angles. The reason for the influence from the two installation angles can be illustrated by analyzing the outlet flow fields of the two bent pipes. As previously described, the high static pressure region induced by the bent pipe in model M1 is located at the semi-circle with the centre point of 300
; therefore, the circumferential range of the BP-induced high static pressure region is basically the same as that of the VT-induced highpressure region at the impeller inlet (lower boundary in Figure 10(b) ). The coupling effect of the same circumferential position of the BP-and VT-induced high static pressure regions leads to an increase in the circumferential pressure nonuniformity in model M1. Compared to model M1, the high static pressure region induced by the bent pipe in model M2 is located at the semi-circle with a centre point of 120
. Therefore, the VT-induced high static pressure region and the BP-induced low static pressure region impact the same circumferential range leading to the intensity and width decrease of the high static pressure strip.
The analysis above primarily focuses on the qualitative difference of the casing wall static pressure distribution for the three models. Next, the difference of static pressure circumferential distribution at different streamwise locations for the three models was investigated quantitatively in detail. Figure 11 shows the circumferential distribution curves of the casing wall static pressure at some typical streamwise locations at 80 k r/min and for OP1. From Figure 11 , for most streamwise locations, the static pressure distribution curves form model M1 model are observed to have greater differences compared to the curves from models M0 and M2; furthermore, the differences in the static pressure distribution curves are not obvious between models M2 and M0.
As for the amplitude of the static pressure circumferential fluctuation, from the impeller inlet location P2 to the impeller outlet location P9, the fluctuation amplitudes in model M1 are observed to be greater than the fluctuation amplitudes in the other two models. From the impeller outlet of P9 to the diffuser interior of P12, the fluctuation amplitude differences between model M1 and the other two models are obviously less than the fluctuation amplitude differences at the upstream locations in the impeller, indicating that the bent pipe influences on the diffuser casing pressure distribution are less than the influences on the impeller casing pressure distribution. Figure 11 clearly shows that the extend direction of the high static pressure strip in model M1 is different from the high-pressure strip in the other models.
In the impeller (P3, P4, P6), the static pressure peak in the high static pressure strip in model M1 appears at the larger circumferential angle compared to in models M0 and M2. However, for model M2, the location of the high static pressure strip in the circumferential direction has almost no change. In summary, when the BP-and VT-induced high static pressure regions both influence the same circumferential position, the extending direction of the high static pressure strip on the casing wall clearly changes. Figure 12 shows the dimensionless casing wall static pressure distribution contour at 70 k r/min and for OP1 (large flow rate) for all three models. By comparing the three models, the high static pressure strip in the model M0 was found to be the widest, and the high static pressure strip in model M1 was narrower and was the narrowest in model M2; a similar phenomenon was also found at 80 k r/min. Additionally, the high static pressure strip in model M1 extents longer upstream in the streamwise direction because the BP-and VT-induced high static pressure regions have a coupled impact on the same circumferential position.
According to Figures 10(a) and 12(a) , the extending directions of the high static pressure strips did not changed in the streamwise direction at different rotational speeds. One reason for this result is that the flow rates at the two rotational speeds are not significantly different and are 0.4 kg/s and 0.36 kg/s at 80 k r/min (OP1) and 70 k r/min (OP1), respectively. Another reason for this result is likely because there are fewer sensors in the circumferential direction, leading to the extending direction of the high static pressure strip in the streamwise direction cannot be confirmed accurately. Therefore, to determine the Figure 11 . Circumferential static pressure distribution curves at some typical streamwise locations for 80 k r/min and OP1 operating conditions.
circumferential position of the static pressure peak at each streamwise location precisely, more static pressure sensors should be mounted in the circumferential direction. It can also be seen that the intensities of the circumferential pressure fluctuations for the three models at a rotational speed of 70 k r/min is less than the circumferential pressure fluctuations at a rotational speed of 80 k r/min, which leads to smaller differences in the pressure ratio for the three models at 70 k r/min (as shown in Figure 9 ). The analysis above indicates that when the asymmetric bent pipe structure is installed at the impeller inlet, the circumferential static pressure distribution characteristics in the impeller will be changed for the large flow rate. Although the diffuser is far away from the impeller inlet, the asymmetric inlet structure can influence the circumferential static pressure distribution in the diffuser. Additionally, the circumferential phase of the influence region induced by the asymmetric structure can also change the casing wall static pressure distribution. When the high-pressure regions, which are induced by inlet asymmetric structure and volute tongue, impact the same blade passage, the uniformity of the circumferential casing pressure distribution will deteriorate due to the effect of two pressure waves' superposition, which corresponds to model M1 in this paper. When the low static pressure region, which is induced by the asymmetric inlet structure and the high static pressure region, is induced by the volute tongue impacts the same blade passage, the circumferential casing pressure fluctuation at the impeller inlet will be reduced, and this condition corresponds to model M2. Additionally, at a large flow rate (OP1), the asymmetric volute structure is the dominant factor on the circumferential casing wall static pressure distribution.
The variability of the bent pipe circumferential installation angle not only changes the static pressure fluctuation amplitude at some streamwise locations but also influences the extending direction of the high static pressure strip on the casing wall. The extending direction of the high static pressure strip is primarily determined by the airflow velocity and the pressure wave propagation velocity, and the rotational speed can also influence the extending direction of the high static pressure strip. However, according to the results above, it is not clear whether the rotational speed can influence the extending direction of the high static pressure strip. The influence of the rotational speed on the extending direction of the high static pressure strip can be obtained by comparing the differences of the circumferential pressure peak positions for different rotational speeds.
Casing wall static pressure distribution near the design flow rate Figure 13 shows the dimensionless static pressure distribution at 80 k r/min for OP4 (near the design flow rate) for the three models. Compared with the large flow rate in Figure 10 , the casing wall static pressure distribution near the design flow rate is more uniform, and the value of the circumferential fluctuation amplitude is smaller. Comparing the three models, the circumferential fluctuation amplitude of model M1 is the greatest, and its large fluctuation region occurs at the range from the impeller inlet to 80% blade chord, which shows the influence of the BP-induced high static pressure region at the impeller inlet. This result is similar to the large flow rate as the most nonuniform pressure distribution leads to the lowest pressure ratio for model M1. For model M2, the high inlet static pressure region is located at the semi-circle circumferential range with the centring point at 120 , which leads to a greater high static pressure region, as observed in the left side of Figure 13(c) .
For model M0, in addition to the VT-induced high static pressure region in the left side, three isolated higher static pressure zones, which are referred to as A, B, and D, are also generated and can be observed on the right side of Figure 13 (a). These three isolated higher static pressure zones are static pressure bulge zones. The occurrence positions in the circumferential direction of the static pressure bulge zones are related to the circumferential static pressure distribution in the volute. At OP4, the static pressure gradient of OP1 converts to a slight inverse static pressure gradient along the airflow direction in the volute. This circumferential static pressure distribution of the volute determines the circumferential static pressure distribution in the diffuser. Therefore, at large circumferential angle positions, the static pressure bulge phenomenon occurs with a local pressure increase. Along the streamwise direction, zone A is located at splitter blade LE, which corresponds to the location where the airflow turns from the axial to the radial direction. Zone B is located at blade TE, which corresponds to the location where the impeller passage flow area changes significantly. The wake regions are typically located near the casing wall at the impeller outlet. Both of these situations cause zone B to easily have separating flow. Zone D is located at the diffuser interior, and this location is from the inclined casing wall to the parallel casing wall of the diffuser. The geometric structure's effect on the streamwise location of zone D is also very large. From the analysis above, the inverse pressure gradient in the volute and the severe passage geometry variability are the two main factors for the isolated static pressure bulge phenomena, which illustrates that, at the initial formation stage of static pressure bulge, the bulge zones are isolated in the streamwise direction and cannot merge into one connecting zone.
Why does the static pressure bulge phenomena occur clearly in model M0 rather than in models M1 and M2 at the near design operating condition? In model M1, the BP-induced high static pressure region at the impeller inlet leads to an intensified high static pressure strip; therefore, the airflow velocity in the other circumferential positions outside the high-pressure strip will be increased because the flow rate is the same compared to model M0. Due to the greater resistance capability to the inverse pressure gradient for the accelerated airflow in the other circumferential positions, there is no static pressure bulge phenomena on the casing wall in model M1 at OP4. Additionally, the high-pressure strip in model M1 increased for large circumferential angle positions and, thus, occupied the static pressure bulge positions; this is also the reason that the static pressure bulge cannot be found in model M1. For model M2 and subject to the coupling effect of the inlet and outlet high static pressure regions, the high static pressure strip occupied in a range from the right side of 300 to the left side of 150 circumferential positions, as shown in Figure 13 (c). The width and amplitude of the high-pressure strip in model M2 is obviously greater than the high-pressure strips in model M0, which led to the airflow velocity increase at the other circumferential positions. Therefore, there was no obvious static pressure bulge phenomena in model M2. In the diffuser, one static pressure increase zone connected to the right-side high-pressure region occurs in zone D as in model M0, which can be considered the static pressure bulge zone in model M2. The airflow velocity decreases; thus, the flow stability deteriorates in the static pressure bulge zones, which is the initial signal of a separated flow and must be studied in detail.
According to the casing wall static pressure distribution in model M, and due to the BP-induced high static pressure strip, the static pressure will be reduced at the other circumferential positions outside the high static pressure strip. Therefore, only a short high static pressure strip occurs in the left side of the diffuser, as seen in Figure 13 (b), which is induced by the volute tongue, and its influence disappears before propagating to the impeller. From this, compared to OP1, there is a reduction in the high static pressure region area at OP4 and the static pressure peak amplitude induced by the volute tongue, and the intensity of the reverse propagation of pressure wave is reduced. In this case, the high static pressure strip was primarily induced by the inlet bent pipe, and the high static pressure strip induced by the outlet volute tongue almost evaporated. Figure 14 shows the circumferential distribution curves of the casing wall static pressure at some typical streamwise locations at 80 k r/min and OP4 (near the design flow rate). At P2 for model M1, the static pressure increases on the right side of C4 while it is reduced on the left side of C4, and the static pressure distribution in model M2 has the opposite characteristics model M1, which shows a typical static pressure distribution pattern at the bent pipe outlets. At P4, for model M1, the high static pressure region is reduced for the range of C3-C5, and the static pressure peak is at C4. Actually, at P5 and P6, the circumferential distributions of the high static pressure regions are similar to position P4. From the circumferential static pressure distribution curves for model M1, a static pressure increase at one circumferential position will inevitably accompany a static pressure reduction at the other circumferential position. At P4 (splitter blade LE), the high static pressure strip in model M1 occupies the static pressure bulge zone (marked by black arrow) in model M0; therefore, although the static pressure bulge phenomenon exists in model M1, this phenomenon cannot be distinguished due to the effect of the high static pressure strip in model M1.
Compared to model M0, at P4, the low static pressure region of model M2 occupies the static pressure bulge zones and suppresses the generation of the static pressure bulge. Therefore, the static pressure bulge only occurs in the diffuser but does not exist in the impeller. In the diffuser (P12), the difference in the circumferential static pressure distribution between models M2 and M0 is smaller; therefore, one static pressure bulge zone occurs connected to the high static pressure region in M2 model, which is primarily determined by the volute tongue influence.
Casing wall static pressure distribution at a small flow rate Figure 15 depicts the dimensionless static pressure distribution contour at 80 k r/min and for OP6 (small flow rate) for the three models. For model M0 (Figure 15 (a) ), one clear VT-induced high static pressure strip was located at the left side. At the large circumferential range near 270
, three static pressure bulge zones occurred in the streamwise direction, which are marked by ''A'', ''B'', and ''D'', respectively. Compared to the static pressure bulge zones in model M0 at OP4, both the intensity and area of the static pressure bulge were greater at OP6.
For model M1 (Figure 15(b) ), a clear high static pressure strip was located at the large circumferential angle positions on the right side. This high static pressure strip occupies the range of the static pressure bulge zones in model M0. Therefore, the high static pressure strip of model M1 is not only related to the BP-induced high static pressure region but also related to the static pressure bulge zones occurring at the same circumferential position, which can be demonstrated by the static pressure fluctuation in the high static pressure strip along the streamwise direction. Two static pressure peak zones occurred in the inclined high static pressure strip in model M1. Compared to the static pressure distribution in model M0, the two static pressure peak zones in model M1 were located at the same position as static pressure bulge zones B and D in model M0. Therefore, the two static pressure peak zones in model M1 are caused by the coupling effect of the BP-induced high static pressure strip and the VTinduced static pressure bulge zones, as marked by ''B'' and ''D'' in Figure 15 was smaller and its amplitude was obviously weakened. The velocity decay of the reverse propagation pressure wave in the impeller was larger and led to a much weaker pressure intensity when propagated to the 0.3 relative chord position. The reason for this result is that the high static pressure strip located on the right side in model M1 causes airflow acceleration and a decrease in the static pressure at the other circumferential positions, which can suppress and weaken the influence of the VT-induced high static pressure region at the impeller outlet. In general, the nonuniformity of the circumferential casing pressure distribution in model M1 is greater than in model M0 causing a reduction of pressure ratio at 80 k r/ min and OP6. For model M2, the high static pressure strip is located on the left and right side in Figure 15(c) . Evidently, the high static pressure strip is influenced by the coupling effect of the BP-induced inlet high static pressure region and the VT-induced outlet static pressure region leading to a greater static pressure amplitude and larger strip area compared with model M0. The inlet high static pressure region not only enhanced the static pressure amplitude but also enlarged the area of the high static pressure region. Due to the increase in the static pressure on left and right sides, the static pressure in the mid-circumferential range was reduced; thus, the circumferential width of the low static pressure region in model M2 model was larger than in model M0. The static pressure circumferential distributions upstream of splitter blade LE and the diffuser interior show little difference from model M0; these two positions correspond to the static pressure bulge zones A and D in model M0, respectively.
Comparing the casing wall static pressure distribution in model M1 at OP6 and OP4, the VT-induced high static pressure strip was clearly on the left side of figure at OP6 but does not exist at OP4. This phenomenon shows that the static pressure of the VT-induced high static pressure region at the impeller outlet will increase as the flow rate is reduced from near the designed operating point. Therefore, the intensity increase of the inverse pressure wave caused by outlet VT-induced high static pressure region led to the high static pressure strip occurring at the upper left side at OP6.
Specifically, although the influence of the bent pipe on the casing wall static pressure distribution was clearly significant, the influence of the bent pipe on the compressor stall process was hardly confirmed by the characteristics of the casing wall static pressure distribution. For model M1, the high static pressure strip was generated at the large circumferential angle position and suppressed another high static pressure strip that was induced by the volute tongue. Conversely, the bent pipe in model M2 strengthens the high static pressure strip induced by the volute tongue. As the flow rate is reduced, the area and intensity of the left VT-induced high static pressure region in model M1 was further enhanced; thus, the intensity of the inverse pressure wave increased. As the flow rate was reduced, the intensity of the right high static pressure strip was reduced due to the decrease of the bent pipe's influence. During the throttling process, the intensity increase and decrease for the two high static pressure strips requires further study. Figure 16 shows the circumferential distribution curves of the casing wall static pressure at some typical streamwise locations at 80 k r/min and OP6 (small flow rate). At P3 for model M1, the static pressure on right side of C3 was obviously greater, and the static pressure on left side of C3 was lower compared to the other two models. At P4, the static pressure difference increases on the right side of C3 between models M1 and M0, and the static pressure on the left side of C3 in model M1 was remarkably less than in model M0. At P5-P9 (not presented here), the static pressure on the right side of C3 in model M1 was also greater than in model M0, and the static pressure on the left side of C3 in model M1 was less than in model M0. While the static pressure differences between models M1 and M0 were not further increased for positions P5-P9.
For model M0, the clear static pressure bulge phenomena existed at positions P3-P5, as marked in the figure. It can be seen that the static pressure bulge zones in model M0 were totally surrounded by the high static pressure strip in model M1 at P3 and P4; therefore, the influence of the static pressure bulge on the high static pressure strip in model M1 cannot be eliminated.
For model M2 at P3, the static pressure at C5 was less than in model M0. At P4, the static pressure difference at C5 when comparing models M2 and M0 was greater than that at P3. At P5 to P9 (not presented here), the static pressure at C5 in model M2 was also lower than that in model M0. Therefore, due to the certain installation angle of the bent pipe, model M2 has basically removed the static pressure bulge phenomenon. In the diffuser at P12, due to the decrease of the bent pipe's influence, the difference in the circumferential static pressure distribution between models M2 and M0 is small. Figure 17 shows the dimensionless static pressure distribution contour at 60 k r/min and OP6 (small flow rate) for the three models. From the figure, the nonuniformities and patterns of the casing wall circumferential static pressure distributions are basically the same for the three models showing that the influence of the bent pipe on the pressure circumferential distribution is quite small. In the three models, the left-side high static pressure strips induced by the volute tongue propagated from the diffuser to the impeller inlet.
At 80 k r/min and OP6, the left-side high static pressure region at the impeller outlet in model M1 model could not extend to the impeller inlet ( Figure 15(b) ) indicating that the volute had a greater influence on the casing wall static pressure distribution at 60 k r/min and OP6 compared to at 80 k r/min and OP6. At 60 k r/min and OP6, the high static pressure regions also locate at the right side for a larger circumferential range for three models, which are also determined by the static pressure circumferential distributions in the volute.
For model M1, the BP-induced high static pressure region is marked by an arrow in Figure 17(b) , but a high static pressure strip does not occur at the corresponding circumferential position. This phenomenon is different from when the bent pipe has the primary influence on the static pressure distribution in the impeller at 80 k r/min and OP6, which also indicates that the volute is the main factor influencing the static pressure distribution at 60 k r/min and OP6. The reason for this result is that when compressor is operating at a low rotational speed and a small flow rate condition, the secondary flow intensity in the bent pipe is weakened, and the flow field becomes more uniform at the bent pipe outlet leading to a smaller influence on the downstream casing wall static pressure distribution.
Conclusions
This paper experimentally studied the casing wall static pressure distribution characteristics under different compressor inlet conditions including straight and bent pipes. The following conclusions are drawn.
The inlet bent pipe has a significant influence on the centrifugal compressor's performance. At the high rotational speed of 80 k r/min, the inlet bent pipe significantly deteriorates the pressure ratio characteristics in model M1, and the pressure ratio characteristics of model M2 are similar to that of model M0. However, the efficiencies of both model M1 and model M2 are much lower than of model M0.
The coupling effect of the high-pressure regions induced by the inlet bent pipe and the outlet volute tongue determine the casing wall static pressure distribution; when the relative circumferential position of two high-pressure regions changes, the circumferential distribution characteristics of the casing wall static pressure are different. This coupling effect is the strongest at the large flow rate. When the BP-induced and VT-induced high-pressure regions act on the same circumferential position (corresponding to model M1), the static pressure at the corresponding circumferential position will increase, and the static pressure at the other circumferential position is also affected, leading to a more nonuniform circumferential casing pressure distribution.
Near the designed flow rate, the circumferential fluctuation amplitudes of the static pressure are smaller than that at the large and small flow rates for the three models. For model M1, the BP-and VT-induced high-pressure regions act on different circumferential positions, which is different than at large flow rates. Therefore, the inlet bent pipe has dominating influence on the generation of the high static pressure strip and can suppress the inverse propagation of the volute tongue influence. For model M2, when the BP-and VT-induced high-pressure regions act on the same circumferential position, the width of high static pressure strip is enlarged.
At the designed rotational speed with a small flow rate, the nonuniformity of the circumferential casing static pressure distribution is greater than when operating at the designed flow rate. When the volute tongue and bent pipe affect the different circumferential positions separately, the BP-induced high static pressure strip can suppress and weaken the VT-induced high static pressure strip, and the BP's influence on the casing pressure distribution is greater than the VT's influence. At a low rotational speed and small flow rate, the nonuniformities and patterns of the circumferential casing static pressure distribution are basically the same for the three models indicating that the influence of the bent pipe on the pressure distribution is quite small, and the primary reason is that the intensity of the secondary flow is mitigated.
For model M0, the static pressure bulge occurs at the large circumferential angle position from near the designed flow rate to small flow rates. For model M1, because the BP-induced high static pressure strip occupies the position of the static pressure bulge zones, the final high static pressure strip is generated by the joint effects of the BP-induced high static pressure strip and the VT-induced pressure bulge zones. For model M2, the high static pressure strip is wider than in model M0, which causes the suppression of the pressure bulge occurrence at the other circumferential positions.
